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The wings of some insect species are known to fluoresce under illumination by ultraviolet
light. Their fluorescence properties are however, not comprehensively documented. In this ar-
ticle, the optical properties of one specific insect, the Trichtenotoma childreni yellow longhorn
beetle, were investigated using both linear and non-linear optical (NLO) methods, including
one- and two-photon fluorescence and second harmonic generation (SHG). These three dis-
tinct optical signals discovered in this beetle are attributed to the presence of fluorophores
embedded within the scales covering their elytra. Experimental evidence collected in this
study indicates that the fluorophores are non-centrosymmetric, a fundamental requirement
for SHG. This study is the first reported optical behavior of this type in insects. We described
how NLO techniques can complement other more convenient approaches to achieve a more
comprehensive understanding of insect scales and integument properties.
1 Introduction
Fluorescence emission takes place in the biological tissues of a wide variety of living organisms [1,
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. These tissues emit lower-energy light (usually in the visible
range of the electromagnetic spectrum) upon illumination by higher-energy light (typically, in the
blue, violet or ultraviolet). This light emission originates from fluorophores (e.g., papiliochrome
II and biopterin) embedded in the integuments of the organisms. Furthermore, chitin, which is
the main component of insects, is known to auto-fluoresce [14]. Fluorescence emission is regularly
described as being involved in the organisms’ intra- and interspecific communications [10, 11, 12].
In spite of these significant roles, the physical, chemical and biological aspects of fluorescence
in natural organisms are under-explored. Confining fluorophores in photonic structures give rise
to so-called controlled fluorescence [15, 16, 17] leading to changes in the emitted intensity, the
decay time or spatial distribution of the emitted light. Such a confinement was observed in some
species [18, 19, 20, 21, 22]. Examples of organisms exhibiting such a phenomenon include the
nireus group butterflies whose wing scale conspicuous appearance is enhanced by their fluorescent
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Phosphorus virescens longhorn beetles, which have fluorophores embedded in photonic structures
in the scales covering their elytra and acting as waveguide [26].
Typically, optical spectroscopy techniques are used alongside light and electron microscopies
to analyze the optical properties of insect integuments. [27, 28]. However, non-linear optical
(NLO) microscopy and spectroscopy techniques are also very effective tools for the imaging and
the study of these natural structures [14, 29]. They rely on optical mechanisms such as second har-
monic generation (SHG), third harmonic generation (THG) or two-photon excitation fluorescence
(2PF) [30, 31]. In contrast to regular linear optical methods, NLO microscopy and spectroscopy
require high-intensity laser light allowing to probe properties of the sample that are not discernible
when using linear optical techniques. Since wavelengths typically used for NLO excitation are in
the spectral range where biological samples are more transparent (i.e., 1000-1350 nm), a higher
depth penetration is obtained and, subsequently, 3D images can be formed.
In this work, we investigated the NLO response of the Trichtenotoma childreni longhorn beetle.
Its body appears yellow under illumination with visible light (Figure 1a) on a very similar way to
C. pollinosa sulfurea and P. virescens beetles [26]. When illuminated by ultraviolet (UV) light,
it also fluoresces (Figure 1b). Measurements taken using SHG and 2PF spectroscopies indicate
that the fluorophores embedded within the biological tissues of the beetle are the source of the
strong SHG signal detected. Furthermore, thanks to this SHG signal, we could infer that, these
fluorophores are non-centrosymmetric from a molecular or distribution point of view.
2 Methods
2.1 Beetle samples
Specimens of dead male and female T. childreni beetles were bought from an authorized vendor.
This species exhibits no sexual dichromatism with respect to the visual appearances of their elytra
where all analyses were performed.
2.2 Morphological characterization
The specimens were photographed using a Canon (Tokyo, Japan) EOS 1000D camera under visible
light and UV light from a halogen lamp and a Labino (Stockholm, Sweden) UV Midlight source,
respectively. They were observed by optical and fluorescence microscopies using an Olympus
(Tokyo, Japan) BX61 microscope, an Olympus XC50 camera, a halogen Osram (Munich, Germany)
HLX 64625 visible white light source (in reflection mode) and a Lumen Dynamics (Mississauga,
ON, Canada) X-cite Series 120PCQ UV-lamp (in fluorescence mode). The elytra of the investigated
specimens were placed on microscope slides. The flatter areas of the samples were investigated. The
elytra were also studied using a FEI (Hillsboro, OR, USA) Nova 600 Nanolab Dual-Beam Focused
Ion Beam (FIB)/Scanning Electron Microscope (SEM). The longhorn beetle’s elytra were cut into
pieces of about 5×5 mm2 and attached to the SEM sample mount by conducting adhesive double-
sided tape. They were sputter-coated with 25 nm of gold-palladium (AuPd) using a Cressington
(Watford, UK) sputter coater 208HR. In addition, a JEOL (Tokyo, Japan) JEM-1400 Transmission
Electron Microscope (TEM) was employed in order to observe cross-sections of the beetle’s scales.
The samples were prepared following a standard TEM sample preparation method [32]. 70 nm-
thick cross-sections were ultramicrotomed and transferred onto TEM analysis grids. These grids
were also observed by optical and fluorescence microscopies.
2.3 Spectrofluorimetry
The one-photon excitation fluorescence (1PF) spectroscopy analysis was carried out with an Ed-
inburgh Instruments (Livingston, UK) FLSP920 UV–vis–NIR spectrofluorimeter equipped with a
Hamamatsu (Hamamatsu City, Japan) R928P photomultiplier tube. Both excitation and emission
spectra were recorded using a 450 W xenon lamp as the steady state source, with an incident angle
of 45◦ and a detection angle of -45◦ with respect to the surface normal direction.
2.4 Multiphoton microscopy and spectrometry
The multiphoton microscope used in this study was an Olympus BX61 WI-FV1200-MPE system,
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Figure 1: Color and fluorescence of T. childreni ’s elytra and elongated scales. The elytra
of T. childreniappears yellow under illumination by visible light (a), and under illumination by
UV light (b). Elongated scales occupy much of the surface of the longhorn beetle’s elytra and
when illuminated by either visible white light (c) or UV light (d), they appear different shades of
yellow. Inside their hollow scales, a disordered structure is revealed by SEM (e) and TEM (f). The
observation of a cross-section of the beetle’s scales by optical (g) and fluorescence (h) microscopies
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Physics (Santa Clara, CA, USA). Excitation of the sample was performed at 1000 nm fundamental
wavelength, with an achromatic half-wave plate and an s-polarizer placed in the light path immedi-
ately behind the laser, resulting in s-polarized laser light, to modify the incoming laser power. The
intensity of the laser light was measured before it entered the microscope. Some loss of power can
be expected due to the large number of optical components inside the microscope. The laser light
was focused on the samples by a 15X LMV objective (NA 0.3) of Thorlabs (Newton, NJ, USA) and
was collected. Signal detection happened non-descanned in backwards reflection by a Hamamatsu
R3896 photomultiplier tube. A dichroic mirror (T525lxpr) (Chroma, Bellows Falls, VT, USA) was
added to the light path right in front of the detector, to split the 2PF and the SHG signals, as well
as a bandpass filter (Chroma ET500/20m) to further filter the second harmonic signal. The signal
at each pixel is depicted in the images as different intensities in false green (SHG) and red (2PF)
colors. The laser power was carefully controlled to avoid damage to the sample.
The same InSight DS+ laser was used for the multiphoton spectral detection. To remove the
higher-order harmonics of the laser itself, an additional long-pass filter was added before the first
lens. To focus the beam on the sample, an achromatic lens (60 mm EFL) was placed before the
specimen. The scattered light spectra from the beetle were recorded in reflection at a 90◦ angle with
regard to the incoming light bundle, and collected by an achromatic aspheric condenser lens (focal
length 30 mm). The resulting signal was focused into the entrance slit of the Bruker (Billerica,
MA, USA) 500 is/sm spectrograph and recorded by an Andor Solis (Belfast, UK) iXon Ultra 897
EMCCD camera. Additional SCHOTT (Mainz, Germany) BG39 and KG5 filters were placed in
front of the detector to prevent the original laser light from entering. Ten measurements were
taken and averaged. An area measuring approximately 1 mm2 of the sample was probed during
each measurement, which means that multiple scales were measured simultaneously.
3 Results and discussion
The elytra of T. childreni appear yellow under both visible and UV incident light (Figure 1a,b),
due to the presence of pigments similar to those present in C. pollinosa sulfurea and P. virescens
longhorn beetles [26]. Their elytral integuments show a basal brown membrane, comprising biopoly-
mers such as chitin, and pigments such as melanin. They are covered by elongated scales (Fig-
ure 1c-f). The average length of these yellow scales reaches 262.9±6.8 µm with an average width at
half-length equal to 20.6±0.7 µm. The lumens of the scales are hollow and comprise what appears
to be disordered structures (Figure 1e,f). Observation of cross-sections under optical and fluores-
cence microscopes revealed that the fluorophores within these scales are concentrated principally
within these structures (Figure 1g,h).
NLO micrographs were taken with a fundamental wavelength of 1000 nm (Figure 2). At 70 mW
incident laser power, a clear image of the elongated scales is visible in both the SHG and the 2PF
channels. Although the whole surface is covered by scales, not all of them are visible due to
the curvature of the elytron and the limited depth of field. When comparing the SHG and 2PF
signals, it is clear that the scales are both SHG- and 2PF-active and that the location of these
signals coincide with each other (Figure 2e,f). The results of these measurements suggest that the
lumen bodies responsible for the 2PF signal (i.e., the fluorophores) could also give rise to the SHG
signal. These results are consistent with the micrographs acquired while illuminating the sample
with different excitation wavelengths (i.e., 900 nm and 1100 nm). They show similar SHG and
2PF intensities (SI).
1PF spectral characterizations of the beetle’s elytra show that the intensity of the excitation
spectrum peaks at 369 nm and that the intensity of the emission is maximum at 586 nm (Figure 3).
The presence of a single peak in the excitation and emission spectra indicates that there is likely
only a single type of fluorophore, characterized by only one excited state, embedded in the scales.
NLO spectra were also measured with different excitation wavelengths (Figure 4). All sharp
spectral peaks in Figure 4 correspond exactly to half of the excitation wavelengths, indicating
that the signal originates from SHG. When the excitation wavelengths were 900 nm, 1000 nm
and 1100 nm, a much broader peak located around 550 nm is attributed to 2PF. These results
correlate well with the multiphoton micrographs (Figure 2), since a discernible SHG signal was
observed. Additionally, the 2PF spectra also show that even at higher excitation wavelengths, such
as 1200 nm and 1300 nm, a non-negligible SHG signal persisted. No 2PF signal is detected for both
these excitation wavelengths, since the combined energy of two incident photons is insufficient to
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Figure 2: SHG (a,b), 2PF (c,d) and SHG + 2PF (e,f) response of T. childreni ’s scales
at a fundamental wavelength of 1000 nm. A clear image of the scales is visible in all six
images. In (e) and (f), pixels that are both in the SHG and 2PF channel are orange/yellow, while
pixels in only the SHG channel are green; the 2PF channel pixels are red. Laser power: 70 mW
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 emission (exc 380 nm)
 excitation (em 560 nm)
Figure 3: Excitation and emission spectra of T. childreni longhorn beetle’s elytra in
1PF spectroscopy. Both spectra display a single peak. With an excitation wavelength equal to
380 nm, the emission spectrum peaks at 586 nm whereas the excitation spectrum peaks at 369 nm
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Figure 4: Multiphoton emission spectra of T. childreni ’s scales with an excitation
wavelength ranging from 900 to 1300 nm. All wavelengths show a distinct SHG peak at
exactly half the respective wavelengths (highlighted by thick lines). The broader peaks around
550 nm observed with all selected excitation wavelengths except 1200 and 1300 nm are attributed
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The fluorophores embedded within the T. childreni ’s elongated scales are therefore both one-
photon and two-photon fluorescent. The difference in emission peak position and shape between
1PF and 2PF spectra can be explained by the different accessible and allowed excited states in the
case of 1PF and 2PF, since some vibrational transitions are enhanced in 2PF [33] due to different
selection rules. However, the results presented in Figure 4 show that the intensity of the SHG signal
varies with the excitation wavelength. The most intense SHG peak is observed at the wavelength
that corresponds to the fluorescence emission maximum. This is further evidence that supports
fluorophores as the origin of the SHG and it indicates that they would be non-centrosymmetric
or that their distribution within the scales is non-centrosymmetric and, therefore, non-random. It
is well-known that second-order effects, such as SHG, are only possible in non-centrosymmetric
media [34]. This putative non-random distribution of the fluorophores would appear during the
development of the beetle’s scales in the pupae [35, 36]. Interestingly, no SHG signal was detected
in the case of Hoplia coerulea scarab beetle [30, 31], where the absence of detected SHG signal may
be explained by a centrosymmetric distribution of molecules within that beetle’s nanostructured
scales. This centrosymmetry would be quite unexpected considering the fluorescence response of
H. coerulea was shown, most likely, to be due to complex fluorescent molecules that allow multiple
resonance transfers between donor and acceptor groups [30, 31, 37, 38, 39]. Unlike the case of H.
coerulea, THG signal was not observed for T. childreni, but we believe this is due to the low laser
intensity, which was necessary to prevent damage to the samples.
The SHG signal detected in the NLO spectra from T. childreni is, to date, the only reported
example among insects. 2PF measurements indicate that this SHG response is a consequence of
the non-centrosymmetric nature of the fluorophores embedded within the scales of the beetle.
4 Conclusion
T. childreni is one of the first beetles to be examined with NLO techniques and shows some
interesting features: first, the fluorophore embedded in the elongated scales of its elytra gives rise
to both 1PF and 2PF. Secondly, results show an SHG response that does not originate from chitin.
This SHG signal would have the same origin as the 2PF signal, leading to the conclusion that
the fluorophores embedded in the elytra have a non-centrosymmetric distribution. These findings
are supported by both multiphoton microscopy and spectrometry observations. They provide new
insight to the structure of the elytra of beetles similar to T. childreni (such as C. pollinosa sulfurea
and P. virescens longhorn beetles), the optical properties of which were previously studied by linear
optical techniques. We therefore conclude that NLO techniques can help in the characterization
of such beetles and give rise to a better understanding of the role of fluorescence in insects.
Acknowledgements SRM was supported by Wallonia-Brussels International (WBI) through
a Postdoctoral Fellowship for Excellence program WBI.WORLD and by the Belgian National
Fund for Scientific Research (FRS-FNRS) as a Postdoctoral Researcher (91400/1.B.309.18F). RVD
thanks the Hercules Foundation (project AUGE/09/024 "Advanced Luminescence Setup") for
funding. TV acknowledges financial support from the Hercules Foundation. BK acknowledges
financial support from Nanoscale Quantum Optics COST-MP1403 action; FRS-FNRS; Interuni-
versity Attraction Pole: Photonics@be (P7-35, Belgian Science Policy Office), the grant III 45016,
from Ministry of Science, Republic of Serbia and the grant from the bilateral cooperation between
the Republic of Serbia and the People’s Republic of China: "Mimetics of insects for sensors and
security" #I-2. This research was also supported by FRS-FNRS through the Researchers’ Credit
CC 1.5075.11F. The authors warmly acknowledge the assistance of Mrs Bojana Bokic, Photonics
Center, Institute of Physics, University of Belgrade for help in editing images for the graphical
abstract.
References
[1] EA Cockayne. I. The distribution of fluorescent pigments in Lepidoptera. Transactions of the
Royal Entomological Society of London, 72(1-2):1–19, 1924.
[2] Charles ES Phillips. Fluorescence of sea anemones. Nature, 119:747, 1927.












This article is protected by copyright. All rights reserved. 
[4] M Pavan and M Vachon. Sur l’existence d’une substance fluorescente dans les téguments des
scorpions (Arachnides). Comptes rendus de l’Académie des Sciences, 239:1700–1702, 1954.
[5] R Catala-Stucki. Fluorescence effects from corals irradiated with ultra-violet rays. Nature,
183:949, 1959.
[6] Kathryn E Arnold, Ian PF Owens, and N Justin Marshall. Fluorescent signaling in parrots.
Science, 295(5552):92–92, 2002.
[7] Kazutoshi Tani, Fumio Watari, Motohiro Uo, and Manabu Morita. Fluorescent properties
of porcelain-restored teeth and their discrimination. Materials Transactions, 45:1010–1014,
2004.
[8] Pete Vukusic and Ian Hooper. Directionally controlled fluorescence emission in butterflies.
Science, 310(5751):1151, 2005.
[9] Kevin J McGraw, Matthew B Toomey, Paul M Nolan, Nathan I Morehouse, Melanie Massaro,
and Pierre Jouventin. A description of unique fluorescent yellow pigments in penguin feathers.
Pigment Cell Research, 20(4):301–304, 2007.
[10] Victoria L Welch, Eloise Van Hooijdonk, Nurit Intrater, and Jean-Pol Vigneron. Fluorescence
in insects. Proceedings of SPIE, 8480:1–15, 2012.
[11] M Gabriela Lagorio, Gabriela B Cordon, and Analia Iriel. Reviewing the relevance of fluores-
cence in biological systems. Photochemical & Photobiological Sciences, 14:1538–1559, 2015.
[12] N Justin Marshall and Sonke Johnsen. Fluorescence as a means of colour signal enhancement.
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 372(1724),
2017.
[13] Carlos Taboada, Andrés E Brunetti, Federico N Pedron, Fausto Carnevale Neto, Darío A
Estrin, Sara E Bari, Lucía B Chemes, Norberto Peporine Lopes, María G Lagorio, and Julián
Faivovich. Naturally occurring fluorescence in frogs. Proceedings of the National Academy of
Sciences of the United States of America, 114:3672–3677, 2017.
[14] Mihailo D Rabasović, Dejan V Pantelić, Branislav M Jelenković, Srećko B Ćurčić, Maja S
Rabasović, Maja D Vrbica, Vladimir M Lazović, Božidar PM Ćurčić, and Aleksandar J Krm-
pot. Nonlinear microscopy of chitin and chitinous structures: a case study of two cave-dwelling
insects. Journal of Biomedical Optics, 20(1):016010, 2015.
[15] Edward M Purcell. Spontaneous emission probabilities at radio frequencies. Physical Review,
69:681, 1946.
[16] Eli Yablonovitch. Inhibited spontaneous emission in solid-state physics and electronics. Phys-
ical Review Letters, 58:2059–2062, 1987.
[17] Sajeev John. Strong localization of photons in certain disordered dielectric superlattices.
Physical Review Letters, 58:2486–2489, 1987.
[18] Kinya Kumazawa, Shingo Tanaka, Keishi Negita, and Hiroshi Tabata. Fluorescence from
wing of Morpho sulkowskyi butterfly. Japanese Journal of Applied Physics, 33(Part 1, No.
4A):2119–2122, 1994.
[19] Christopher R Lawrence, Pete Vukusic, and J Roy Sambles. Grazing-incidence iridescence
from a butterfly wing. Applied Optics, 41(3):437–441, 2002.
[20] Jean-Pol Vigneron, Krisztián Kertész, Zofia Vértesy, Marie Rassart, Virginie Lousse, Zsolt
Bálint, and László P Biró. Correlated diffraction and fluorescence in the backscattering irides-
cence of the male butterfly Troides magellanus (Papilionidae). Physical Review E, 78:021903,
2008.
[21] Eloise Van Hooijdonk, Carlos Barthou, Jean-Pol Vigneron, and Serge Berthier. Detailed
experimental analysis of the structural fluorescence in the butterfly Morpho sulkowskyi











This article is protected by copyright. All rights reserved. 
[22] Eloise Van Hooijdonk, Carlos Barthou, Jean-Pol Vigneron, and Serge Berthier. Angular
dependence of structural fluorescent emission from the scales of the male butterfly Troïdes
magellanus (Papilionidae). Journal of the Optical Society of America B, 29(5):1104–1111,
2012.
[23] Tomasz M Trzeciak, Bodo DWilts, Doekele G Stavenga, and Pete Vukusic. Variable multilayer
reflection together with long-pass filtering pigment determines the wing coloration of papilionid
butterflies of the nireus group. Optics Express, 20(8):8877–8890, Apr 2012.
[24] Eloise Van Hooijdonk, Cédric Vandenbem, Serge Berthier, and Jean-Pol Vigneron. Bi-
functional photonic structure in the Papilio nireus (Papilionidae): modeling by scattering-
matrix optical simulations. Optics Express, 20(20):22001–22011, 2012.
[25] Bodo D Wilts, Tomasz M Trzeciak, Pete Vukusic, and Doekele G Stavenga. Papiliochrome II
pigment reduces the angle dependency of structural wing colouration in nireus group papil-
ionids. Journal of Experimental Biology, 215(5):796–805, 2012.
[26] Eloise Van Hooijdonk, Carlos Barthou, Jean-Pol Vigneron, and Serge Berthier. Yellow struc-
turally modified fluorescence in the longhorn beetles Celosterna pollinosa sulfurea and Phos-
phorus virescens (Cerambycidae). Journal of Luminescence, 136:313–321, 2013.
[27] Lasló B Biró and Jean-Pol Vigneron. Photonic nanoarchitectures in butterflies and beetles:
valuable sources for bioinspiration. Laser & Photonics Reviews, 5(1):27–51, 2011.
[28] Pete Vukusic and Doekele G Stavenga. Physical methods for investigating structural colours
in biological systems. Journal of the Royal Society Interface, 6(S2):S133–S148, 2009.
[29] Meir Israelowitz, Syed HW Rizvi, and Herbert P von Schroeder. Fluorescence of the “fire-
chaser” beetle Melanophila acuminata. Journal of Luminescence, 126(1):149–154, 2007.
[30] Charlotte Verstraete, Sébastien R Mouchet, Thierry Verbiest, and Branko Kolaric. Linear
and nonlinear optical effects in biophotonic structures using classical and nonclassical light.
Journal of Biophotonics, 12(1):e201800262, 2019.
[31] Sébastien R Mouchet, Charlotte Verstraete, Dimitrije Mara, Stijn Van Cleuvenbergen, Ewan D
Finlayson, Rik Van Deun, Olivier Deparis, Thierry Verbiest, Bjorn Maes, Pete Vukusic, and
Branko Kolaric. Nonlinear optical spectroscopy and two-photon excited fluorescence spec-
troscopy reveal the excited states of fluorophores embedded in beetle’s elytra. Interface Focus,
9(1):20180052, 2019.
[32] Pete Vukusic, J Roy Sambles, Christopher R Lawrence, and RJ Wootton. Quantified inter-
ference and diffraction in single Morpho butterfly scales. Proceedings of the Royal Society of
London B: Biological Sciences, 266(1427):1403–1411, 1999.
[33] Mikhail Drobizhev, Nikolay S Makarov, Shane E Tillo, Thomas E Hughes, and Aleksander
Rebane. Two-photon absorption properties of fluorescent proteins. Nature Methods, 8(5):393,
2011.
[34] Thierry Verbiest, Koen Clays, and Vincent Rodriguez. Second-order nonlinear optical char-
acterization techniques: an introduction. CRC press, 2009.
[35] Helen Ghiradella. Structure and development of iridescent lepidopteran scales: the papilion-
idae as a showcase family. Annals of the Entomological Society of America, 78(2):252–264,
1985.
[36] Helen Ghiradella. Structure and development of iridescent butterfly scales: Lattices and
laminae. Journal of Morphology, 202(1):69–88, 1989.
[37] Sébastien R Mouchet, Michaël Lobet, Branko Kolaric, Anna M Kaczmarek, Rik Van Deun,
Pete Vukusic, Olivier Deparis, and Eloise Van Hooijdonk. Controlled fluorescence in a beetle’s
photonic structure and its sensitivity to environmentally induced changes. Proceedings of the











This article is protected by copyright. All rights reserved. 
[38] Sébastien R Mouchet, Eloise Van Hooijdonk, Victoria L Welch, Pierre Louette, Jean-François
Colomer, Bao-Lian Su, and Olivier Deparis. Liquid-induced colour change in a beetle: the
concept of a photonic cell. Scientific Reports, 6:19322, 2016.
[39] Sébastien R Mouchet, Michaël Lobet, Branko Kolaric, Anna M Kaczmarek, Rik Van Deun,
Pete Vukusic, Olivier Deparis, and Eloise Van Hooijdonk. Photonic scales of Hoplia coerulea











This article is protected by copyright. All rights reserved. 
